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HARBOR SURGING 

I . SIGNIFICANC E Of SURGING ON HA..-qBOR USEAGE 

Surge is the name applied to wave motion with period intermediate 

betw-een that of ordinary wind waves and that of the tides; say from one 

to sixty minutes. An additional characteristic of surge is that it is 

usually of very low height; perhaps 0 . 3 foot is typical. This type of 

wave motion has been observed along the entire Pacific coast of the 

United States(l), and in some places,notably Los Angeles Harbor, has 

been of serious concern to harbor authorities (2 ). 

Although the height of surge may be so small that, coupled with 

the very great vrave lengt h, the motion cannot be visually observed as 

a wave train, the horizontal water motion may be large, and it is this 

factor which accounts for the importance of surge in harbor operations. 

Since the height of the surge wave is very small compared to either the 

wave length or water depth, the classical Airy wave theory(3 ) may be 

applied to the problem with small error. Thus, the horizontal amplitude 

of water motion is substantially constant from surface to bottom, and 

is equal 
liT - -

to 211 V ~ , where H is the wave height (vertical distance from 

crest to trough), T is the wave period, d the water depth, and g the 

acceleration of gravity. The average water particle velocity is 
H __ r r-; 

therefore 11 v d • 

This result may be easily verified in the case of a standing wave 

by reference to a diagram such as Fig.l. If at some initial time the 

wave profile is in one extreme position as shown by the solid line, then 



a quarter wave period la~er the entire surface is horizontal, the water 

above the mean level in each crest flawing to the right and to the left 

to fill in half of each adjo~ning trough, ~~d another quarter period 

later the surface is in the other extreme, as shmvn by the dashed line. 

Therefore, in one-r.alf a wave period, a volume of water proportional 

to the area shown cross-hatched flews through each nodal section of 

depth d. The average flow rate, Q, is therefore: 

2 L 

Q = 14 ~ cos 2Ti 1:- d x 

or 

Q = 

since 

L = 

Q = 

HL 
TiT 

CT = 
H\rg,ct. 

Ti 

vid. T 

and the average velocity through the nodal section beco~~s: 

v = Q = 
A 

Ij_ Jf!," 
Ti d 

As a numerical example, a 3-minute period surge, 0.3 foot in height, 

would cause oscillatory horizontal water displacements of 9 feet in a 

harbor depth of 30 feet, with average velocity of 0.1 foot per sec. or 

o.o6 knot. 

Since a ship is small compared to the wave length of a surge 

(56o0 feet in the foregoing example) it rray be expected to move in 
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space with the water motion unless rigidly restrained. Serious damage 

has occurred where such surge-excited ship motion has been resisted by 

dock and pier structures. Fig.2 is a l'ecord of typical surge motion 

and resulting da~age at the Terminal Island, Calif., Navy Base prior 

to the construction of the mole. 
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II. CHARACTERISTI CS OF LONG PERIOD WAVES 

A. Yiave Behavior 

Like other surface waves, long period wave3 Fay be of either pro

gressive or standing type. Because of their large wave length, standing 

surge waves account for special problems and effects in harbors. A 

standing wave results from the superposition of two identical progres 

sive wave trains travelling in opposite directions . \'There the water 

particle motions due to each of the wave trains coincide, they mutually 

reinforce and the mot ion is doub~ed; conversely, where the motions are 

opposed the resultant is zero. The result is that at fixed positions 

a half-wave length a~art the vertical amplitude of the water motion is 

a maximum, and half way betvfeen these antinodal points the vertical 

motion is zero. In a progressive wave train, the horizontal velocity 

of partial motion is greatest at points beneath the moving troughs and 

crests, but in a standi~ Yrave the horizontal velocity is zero at anti

nodes and a maximum at the position of no vertical motion, or nodal 

points Fig. 3 illustrates these characteristics of a standing wave . 

The important distinc~vion between the two ·wave types as far as 

harbor surge is concerned is,therefore,that if the surge is due to a 

progressive wave train, all areas in the harbor experience the same 

maximum horizontal motion,whereas if the surge is of the standing wave 

type, there will be distinct ar eas of active and quiet water. 

It is apparent that a standing wave always exists to seaward o:f a 

reflecting barrier, the reflected and incident waves combining to pro-
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duce this result. In this connection, it should be noted that the re-

flective properties of a shoreline are determined by the scale of the 

irregularities of the shoreline with respect to the length of the waves. 

Thus a given stretch of irregular shoreline will appear "straight" to 

long pericd waves, and the incident wave energy will be concentrated in 

a well-defined reflection, whereas the same shoreline will scatter re-

fleeted short period waves in all directions with resulting diffusion 

of energy. 

If' two parallel reflecting shorelines are oppositely disposed in a 

basin, a wave train will travel betw·een them, each wave being successive-

ly reflected from one to the other, until damped out by frictional forces. 

If the distance be~~een the reflecting shorelines is such that the time 

required for a wave to travel from one boundary to the other is an 

integer multiple of half the wave period, the standing wave patterns 

produced by reflection from each boundary vdll coincide, and a condi-

tion of free oscillation of the basin will result. In the case of a 

basin open at one end to the sea or other large body of water, and 

closed by a reflecting boundary at the other, it can be shawn that the 

condition for free oscillation will be realized if the length of the 

basin is such that the wave travel time is an odd-integer multiple of 

one-quarter of the wave period(4). It may be noted that the term seiche 

is applied to such free basin oscillation. 

Basin oscillation, or seiching, is analogous to the motion of a 

spring-mass system, pendulum, or other mechanical or electrical oscil-

lating system; once started, the motion persists unless brought to rest 
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by outside forces. Fig.4 illustrates the fundamental and first two 

harmonic modes of oscillation of basins. 

In any type of oscillatory system, if a periodic excitation is 

applied at one of the free or natural periods of the system, the motion 

will increase to an a.mpli tude determined b~p the damping of the system; 

this phenomena is termed resor~nce. Thus in the present case, if a long 

period wave train whose period corresponds to the fundamental or an 

~~rmonio period of the basin enters the harbor from the open sea, a con-

dition of resonant basin oscillation will result. ~he significance of 

resonant basin oscillation is that all of the wave energy coming into 

the area is concentrated in one standing wave system, with resulting 

build-up of large amplitude vertical and horizontal water motion at the 

positions of nodes and antinodes. This amplification may result in a 

serious surge condition in a rarbor basin even though the exciting 

long period wave train is nearly totally excluded from the ~arbor by a 

breakwater or mole. Thus, model studies of the Terminal Island Mole 

Basin(2 ) have shown wave heights within the mole 50% greater than 

those in the outer harbor for critical sv~ge periods. 

\There the water depth in a basin is substantially constant, the 

velocity of shallow 'Nater, long period, waves may be taken as \rgd~ and 

the previously mentioned conditions for resonant periods become: 

For closed basins 

T = 2 ..e where .£ is the basin length 

k = 0,1,2,3, etc. 
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For open-ended basins: 

T = 4 
(2k+l) 

Where the water depth is not uniform, the critical periods may be 

computed by numerical integration of the equations in the following 

form: 

For closed basins: 

T = 
2 r .e d x 

k + 1) v gd -
o X 

For open-ended basins: 

T = 4 I£ d X 

2 k + 1 ...riJ:-· 
o X 

where d is the depth at distance x from the end of the basins. 
X 

These relations have been verified by model experiments for the 

cases of uniform water depth, and parabolic variation of water depth, 

at the University of California(5) . These experiments also investiga-

ted the damping effect of sills located at nodal points in the standing 

wave pattern, with the result tr..at a sill of height approximately one-

third the water depth vras found to reduce the wave amplitude by approx-

imately 50 %. 
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B. Sources of Long Per~od Disturbances 

The question of the sources of the long period wave disturbances 

which cause surge problems in harbors is one which can not be answered 

completely at the present time. Early thinking on this subject was 

confined to the assumption that surge was a phenomenon always related 

directly to tho basin in which it occurred, hence was a free oscilla-

tion of the basin following some initial disturbance such as a piling 

up of water due to vrinds, atmospheric pressure anomalies, or local 

seismic activity. This explanation is indeed the only one adrrassible 

for the case of seiching of completely land locked basins such as lakes, 

but recent observations of surge activity in coastal regions have de-

monstrated the inadequacy of this theory as a general condition. The 

existence of surge cor~itions in ~~rbors at intervals completely un-

correlated with local atmospheric or seismic disturbances has focused 

attention on the proposition that long period, low amplitude wave trains 

exist in the open sea, and where these wave trains enter a harbor they 

constitute a surge. If the wave period coincides with the natural 

period of the harbor basin, the waves will excite resonant oscillation, 

vnth resulting increase in the severity of the surge. 

One obvious source of such long period wave trains in the sea are 

seismic sea waves or 11 tsunamis" generated by distant submarine earth-

quakes, Fig.5. This source is quite limited in frequency of occurrence, 

II II D but the recently developed theory of surf beat due to r. Munk of 

Scripps Institution of Oceanography(6), offers a source of long period 

sea waves that· is quite general in occurrence and so satisfies the 

observations of frequent periods of surge in coastal regions. 
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The theory of surf beat indicates that in the process of wave 

breaking, a mnall fraction (approximately 1 %) of the wave energy which 

enters the breaker zone is ~eflected back to sea as a long period wave. 

This behavior is due to th9 non-linearity of the wave breaking process; 

the phenomenon of fre~uency damultiplication being a characteristic of 

non-linear systems(?). Tcus a storm in some remote region of an ocean 

basin may produce a period of high surf along some distant shoreline, 

and the long period waveG radiated from this shore may then travel 

across vast ocean distartces in the same manner as tsunamis to produce 

a surge condition in h~rbors thousands of miles from the generating 

area. The theory of surf beat has been verified by experiments at 

Scripps; it remains to determine its importance as a source of harbor 

surge. The techniqu3s for such an investigation are available and 

should be put in operation, since if it is as important as the fore-

going discussion asst~es, it should be possible to forecast periods 

of surge ~ a comb!.nation of present-d~ techniques for wave forecasting, 

to deter.Qine generating areas, and for tsunami warning, to determine 

the path of the long period waves. 
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III. REMEDIAL MEASURES 

Since the principal problem associated v~th harbor surging is un

wanted ship motion, especially where ships are moored in close proximity 

to fixed structures such as docks or piers, alleviation of the problem 

will be obtained only by the reduction of ship motion to a tolerable 

minimum. Two approaches to this requirement are apfarent; (1) the 

reduction in amplitude of the surge waves in the harbor and (2) the 

development of mooring systems which will limit the amplitude of ship 

motion. 

In connection with the first r~ed approach, the reduction of 

breakw ater gate width, or harbor opening, to the minimum required for 

navigational purposes will reduce the amount of long period wave energy 

which can enter the harbor from the sea, with resulting reduction in 

surge activity in the harbor. By way of illustration, model studies 

of the Navy lilole Basin at Terminal Isle.nd, Calif., indicated that a 

reduction in gate opening from 2000 feet to 600 feet resulted in ap

proximately 50% reduction in surge amplitude in the basin (Fig.?). 

The location of the harbor entrance is not so important in reducing 

entering surge excitation, since the entrance v~dth is usually small 

compared to the wave length of the long period surge waves. As a 

result, the diffraction phenomena at the entrance are relatively inde

pendent of the direction of wave approach, and on the harbor side the 

transmitted wave energy is directed nearly uniformly in all directions. 

Model studies are also useful in surge problems since they enable 

the mapping of water motions in al l parts of a harbor for any assumed 
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surge condition, and thus permit the rational choice of 11 quiet11 areas 

for dock and pier location. Since the degree of water motion may vary 

by a factor of 10 to 1 in various parts of a ~Arbor due to the charac-

teristic standing wave patterns which are produced, model studies ~AY 

make significant contributions to a harbor design project. Figs.6, 7, 

and 8, which are the results of model studies made for the U. S. Navy, 

Bureau of Yards and Docks, illustrate this behavior for the cases of 

Termi~Al Island and Apra Harbor, Guam(8 ). In Fig. 6 the results of a 

disturbance survey of the entire Terll".i!1Al Island mole basin are pre-

sented in the form of contours of equal vertical runplitude. It is 

apparent that for surge periods of 3 and 6 minutes the harbor is divided 

into sharply delineated areas of rr.inimum and ~Aximum activity, whereas 

the disturbance level is nearly uniform throughout the harbor for ordi-

nary sea waves of 15- sec. period. In Fig.?, the vertical amplitude in 

a particular area near the Navy piers is plotted as a function of vrave 

period. The peaks of activity correspond to the several resonant periods 

of the basin. Fig . 8 sununa.rizes the results of a horizontal water motion 

survey of Apra Harbor for surge periods of 1.9 and 3 . 8 minutes, corres-

pending to two resonant periods of the harbor . Again, a vride variation 

in degree of water motion ·within a short distance is exhibited. 

The second approach to the solution of' harbor surge problems, that 

of improvements in ship mooring practice, ~As received very little atten-

tion as yet . To be successful, a system must be developed that is vir-

tually rigid, since if the ship moves at all, it acquires kinetic energy, 

and can then only be brought t;o rest by the conversion of this energy 

into strain energy of deflection of the mooring system. The catenary 
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suspensions of cable mooring systems, even extraordinary ones such as 

shown in Fig. 9, which were used at Terminal Island prior to construction 

of the mole, rray permit deflections as large as six or eight feet, hence 

some entirely nsw type of mooring will have to be devised, In conclu

sion, it should be remarked that the elastic constants of the mooring 

system must be so proportioned to the mass of the ship that the natural 

period of the ship-mooring elastic system is not close to the expected 

period of rarbor surge, since if -:;:r.ese periods are nearly equal, the 

ship will be driven at resoPAnce by even small surge waves with result

ing large maplitude ship motion and high stress in the mooring system. 
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Fig. 2 - Record of surge and damage, U.S. Naval Drydock, Long Beac h, California. 
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Fig. 3 - Profile and water motion of a standing wave 
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Fig. 4 - Modes of basin oscillation 
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Fig. 5 - Marigram record of 20-and 6-minute surges at Terminal Island due to the 
Alaskan Earthquake of April l, l946 
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Fig. 7 - Vertical amplitude as a function of wave period in vicinity of Navy Piers , 
Terminal Island, California 
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Fig. 8 - Horizontal water motion due to surge, Apra Harbor, Guam, M. I. 
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Fig. 9 - Typical mooring systems 


